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The expansion of interlayer spacing when polarized to negative potentials is explained by steric effect of cation intercalation.
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Introduction
MXenes are two-dimensional (2D) early transition metal carbides and nitrides with a formula of M n + 1 X n T x , where M is an early transition metal, X is carbon and/or nitrogen and T represents the surface terminations (=O, -F or -OH), and n = 1-3 [1] [2] [3] [4] [5] . MXenes have been extensively studied as the electrode materials for electrochemical capacitors (ECs) [6] [7] [8] [9] and batteries [10] [11] [12] [13] . Though a high volumetric capacitance exceeding 900 F cm −3 was achieved in aqueous electrolytes [8] , the use of MXenes in organic and ionic liquid electrolytes was reported only recently [14, 15] . The first investigation of Ti 3 C 2 T x operating in 1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)-imide (EMI-TFSI) neat ionic liquid was reported with a capacitance of 70 F g −1 within a voltage window of 3V [15] . However, the charge storage mechanism remains unclear as reversible peaks appear in cyclic voltammograms. In aqueous electrolytes, such redox peaks have been ascribed to the pseudocapacitive reactions of surface functional groups of MXenes [16] . A pseudocapacitive contribution originating from redox reactions of Ti in H 2 SO 4 electrolyte was also shown [17] . However, surface functional groups (O or F) and Ti are not supposed to be electrochemically active in aprotic ionic liquids. Intercalation of cations between MXene layers from aqueous electrolytes was observed by insitu XRD [6] , and similar intercalation behavior was reported for MXene battery electrodes [18, 19] . It is reasonable to assume that intercalation may occur in ionic liquid electrolytes as well. In this work, in-situ XRD technology was combined with electrochemical characterizations to provide insights into the charge storage mechanism of Ti 3 C 2 T x in EMI-TFSI ionic liquid electrolyte.
Experimental
The preparation of the delaminated Ti 3 C 2 T x was described elsewhere [8] . Briefly, 2 g lithium fluoride was added to 40 mL 9 M hydrochloric acid solution, followed by the slow addition of 2 g of Ti 3 AlC 2. After etching for 30 h at 35°C, the obtained Ti 3 C 2 T x flakes were washed until a pH value around 6. The delaminated Ti 3 C 2 T x colloidal solution was then obtained by 1-h sonication and collected after 1-h centrifugation at 3500 rpm to eliminate the sediment. Ti 3 C 2 T x film with intercalated water (denoted as Ti 3 C 2 T x film) was prepared by vacuum-assisted filtration of the delaminated Ti 3 C 2 T x colloidal solution and peeled off in acetone. After immersing in EMI-TFSI (Sigma-Aldrich) electrolyte for 72 h, a free-standing Ti 3 C 2 T x film with intercalated EMI-TFSI ionic liquid (denoted as IL-Ti 3 C 2 T x film) with a mass loading of 0.76 mg cm −2 was achieved, then transferred to a vacuum oven for drying at 80°C for 48 h to remove the residual water.
IL-Ti 3 C 2 T x films were used as electrodes directly without any binders with EMI-TFSI neat ionic liquid as the electrolyte. Three-electrode Swagelok symmetric cells were assembled and tested at room temperature using a VMP3 potentiostat (Biologic, USA.). Two layers of separator (Celgard@ 3501) were used together with platinum discs as current collectors and a silver wire as a quasi-reference electrode. A two-electrode cell was used for in-situ XRD study [20] . A freestanding MXene film working electrode was placed onto a beryllium foil acting as the current collector without any binders and an over-capacitive activated carbon (YP50, Kuraray, Japan) was used as the counter electrode with a Pt current collector. Before starting the in-situ XRD test, cyclic voltammetry (CV) scanning with a rate of 20 mV s −1 was conducted for 50 cycles to stabilize the electrochemical signature. All cells were assembled in a glove box under argon atmosphere with water and oxygen contents less than 1 ppm. Thermogravimetric measurements (TGA) of IL-Ti 3 C 2 T x were conducted under nitrogen atmosphere, after 48 h vacuum drying, from room temperature up to 1000°C with a heating rate of 3°C per minute. In-situ XRD patterns of the Ti 3 C 2 T x electrodes were recorded with a Bruker D8 (Bruker, Germany) diffractometer using Cu K α radiation (λ = 0.154 nm) in the 5-50°2θ range with a step of 0.0152°. XRD measurements were made at constant potential, after 1-h polarization to reach the steady state.
Electrochemical impedance spectroscopy (EIS) measurements were carried out at constant potentials (after 1-h constant polarization to reach the steady-state) with amplitude of 10 mV at the frequency range from 200 kHz to 0.01 Hz. The mean capacitance was calculated from the CV at a scan rate of 1 mV s
. Specifically, the discharge current was integrated with potential, then divided by the potential window and scan rate, and normalized by mass.
Results and discussion
The schematic (Fig. 1 a) presents the Ti 3 C 2 T x and IL-Ti 3 C 2 T x films that are pre-intercalated with water and EMI-TFSI ionic liquid respectively, which are expected to prevent restacking of Ti 3 C 2 T x nanosheets. The cross-sectional view of an IL-Ti 3 C 2 T x film with a layered structure ( Fig.  1 b and c) shows a wavy pattern of MXene layers.
The thermograms of IL-Ti 3 C 2 T x film, recorded under nitrogen atmosphere (Fig. 2a) show no mass loss below 250°C, thus evidencing the complete removal of water and acetone after vacuum drying. About 80% of the mass is lost between 300°C and 500°C corresponding mainly to the decomposition of the EMI-TFSI ionic liquid from the IL-Ti 3 C 2 T x film [21] with a possible contribution from loss of surface functional groups of MXene [22] . Fig. 2b shows the cyclic voltammograms (CVs) of IL-Ti 3 C 2 T x film in neat EMI-TFSI electrolyte. The symmetric CV shape reveals a capacitive behavior with a mean specific capacitance of 84 F g −1 within a potential range from −1.5 V to 1.5 V vs. Ag. Two pairs of noticeable peaks with small voltage offsets in both positive (around −0.2 V) and negative (around 0.6 V) potential ranges can be observed. The peak potential difference increases with the potential scan rate but the process remains reversible; a similar behavior was also reported for 2D T-Nb 2 O 5 , where an intercalation pseudocapacitance charge storage mechanism was involved [23] . Here, a non-random intercalation of EMI + cations and/or TFSI − anions between stacked Ti 3 C 2 T x flakes is assumed to cause the peaks in negative and positive ranges, respectively. Fig. 2c shows the Coulombic efficiency above 95%, suggesting a highly reversible behavior. However, capacitance decreases to 76% of the initial value after 1400 cycles.
In-situ XRD analysis was performed to understand the charge storage mechanism. The in-situ XRD diffraction patterns of IL-Ti 3 C 2 T x film were recorded at various potentials as shown in Fig. 3 . The (005), (007) and (009) peaks, which have not been reported in previous studies, were identified suggesting the loss of symmetry in some stacking layers. Such behavior is similar to 1H to 1T phase transition of MoS 2 during Na + insertion, as reported elsewhere [24] . Comparing the patterns in positive and negative potential ranges, two different sets of diffraction peaks are observed, suggesting that different processes are involved under positive and negative potential ranges. Under a positive potential range, a progressive and continuous shift of the Ti 3 C 2 T x (00l) peaks to higher 2θ values is observed with increased applied potential (from 0 V to 1.5 V), corresponding to a continuous decrease of interlayer spacing. Then the peaks reversibly shift back to their original 2θ position when discharged from 1.5 V back to 0 V, indicating the increase of interlayer spacing. As the change of interlayer spacing can be induced by both electrostatic or steric effects during ion intercalation [6, [25] [26] [27] [28] , the reduction of interlayer spacing with increasing applied potential within the positive potential range can be explained in two ways: 1) electrostatic attraction between intercalated TFSI − anions and positively charged Ti 3 C 2 T x layers; 2) steric effects caused by the de-intercalation of EMI + cations, which has been reported in both aqueous and organic electrolytes elsewhere [14, 29] . The exact identification of origins of the observed dimensional change can possibly be done by using electrochemical quartz crystal microbalance (EQCM) [29] or in-situ nuclear magnetic resonance (NMR). In the negative potential range, the appearance of the (002) peak at a lower 2θ degree position can be ascribed to the pillared structure of Ti 3 C 2 T x flakes when intercalated by EMI + cations, which has already been observed for MXene [9, 14] and other 2D materials [30, 31] . Increasing peak intensity when polarized to the negative potentials also confirms the pillaring effect caused by EMI + intercalation. The continuous shift of the Ti 3 C 2 T x peaks to lower 2θ values occurs with decreasing applied potential, evidencing an increased interlayer spacing that is consistent with previous observations for MXene electrodes in aqueous supercapacitors [6] and metal-ion capacitors [32, 33] . The maximum interlayer spacing was obtained at −2 V that is the highest negative overpotential. EMI + intercalation has been confirmed in Ti 3 C 2 T x when using organic electrolyte [14] . Since, the electrostatic effect will cause reduction in interlayer spacing, the expansion of interlayer spacing should be explained by the steric effect caused by EMI + cation intercalation. After the negative polarization, the sample was polarized back positively (see Fig. 3 , top). The (002) peak initially observed at 8.5 2θ degree at 0 V shifts to 9.5°when polarized to 0.5 V, which is the same position as measured during the first positive polarization (Fig. 3, bottom) , evidencing a reversible transition between positive and negative polarizations. Overall, the charge storage mechanism in Ti 3 C 2 T x with EMI-TFISI electrolyte can be described as following: under positive polarization, the electrostatic attraction between intercalated TFSI − anions and positively charged MXene layers and/or steric effect originating from de-intercalation of EMI + cations lead to a decrease of the interlayer spacing.
In opposite, the steric effect of EMI + cation intercalation accounts for the observed increase of the interlayer spacing under negative polarization.
The fast increase of the imaginary part of all Nyquist plots at low frequencies (Fig. 4) evidences a capacitive storage mechanism. The electrode resistance R i at various potentials was calculated from the difference between knee frequency resistance (see dashed lines in Fig.  4a ) and the high frequency resistance (where the imaginary part is null). R i corresponds to the ionic resistance of the electrolyte confined inside the 2D Ti 3 C 2 T x structure. As can be seen in Fig. 4b , the ionic liquid resistance under positive potentials is higher than in the negative potential range, demonstrating a slower ion motion during positive polarization. This is consistent with the XRD data that showed a more compact structure with decreasing interlayer spacing under positive polarization, which is believed to reduce the ion motion.
Conclusions
A Ti 3 C 2 T x film intercalated with ionic liquid was prepared and electrochemically characterized in EMI-TFSI ionic liquid electrolyte. A capacitive behavior within a wide potential range from −1.5 to 1.5 V vs. Ag has been demonstrated. The interlayer spacing increased with positive polarization and decreased with negative polarization as shown by in-situ XRD test. The shrinkage of interlayer spacing in the positive potential range was induced by 1) electrostatic attraction between the intercalated TFSI − anions and positively-charged Ti 3 C 2 T x surface and/or 2) steric effect of EMI + cation de-intercalation. Under negative potentials, the EMI + cations intercalation accounts for the expansion of interlayer spacing.
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